In the present study, the heat acclimation processes (growing at 30/27°C for 2 weeks) in spring and winter varieties of barley (Hordeum vulgare L., varieties 'Conchita' and 'Mv Initium') and oat (Avena sativa L., varieties 'Mv Pehely' and 'Mv Hópehely') were characterized. Temperature dependence of certain chlorophyll a fluorescence induction parameters indicated the efficiency of heat acclimation. Heat treatment induced the activity of glutathinone-S-transferase, but decreased the amounts of the major polyamines. A significant increase in cadaverine content was found in 'Conchita'. 1,3-diaminopropane contents after heat acclimation were lower in the oat and higher in the barley varieties than that in the control plants. Salicylic acid and para-hydroxybenzoic acid contents were also induced at elevated temperatures. Changes in abscisic acid differed in the two species. Results suggest that besides certain similarities, different strategies can be activated to avoid the damaging effects of high temperatures in barley and oat plants. II) -quantum yield of PSII; Y(NO) -nonregulated nonphotochemical quenching; Y(NPQ) -regulated nonphotochemical quenching.
Introduction
Partly due to the global warming, heat injury is one of the most important abiotic stress factors limiting crop productivity in many regions of the world (Hernandez et al. 2018) . Several plant species have evolved different mechanisms to acclimate to the increasing temperatures. However, rapid and extreme temperature rises often cause severe stress symptoms. This is especially true for those crop plants, which originate from far regions with different climate and have relatively narrow genetic diversity to cope with the fluctuating environment. Heat acclimation, which means exposure of plants to slightly elevated, nonlethal temperatures, may provide protection against a subsequent severe high temperature stress. Better understanding of physiological and molecular mechanisms of stress adaptation in cereals may provide useful information for breeders for developing new crops with better stress tolerance. The responses of plants to elevated temperatures involve several molecular mechanisms including the induction of signalling cascades, alteration of transcriptional control (Ohama et al. 2017) , synthesis of osmoprotectants and heat shock proteins, or the induction of different mechanisms to prevent the overaccumulation of reactive oxygen species during severe heat stress (Volkov et al. 2006 , Xu et al. 2006 . The changes in the photosynthetic machinery upon exposure to elevated temperatures have also been extensively studied in various plant species (Allakhverdiev et al. 2008) .
Exposure of plants to environmental stresses, including high temperatures, usually increase the production of reactive oxygen species (ROS). Living organisms, especially plants, where the avoidance mechanisms are less important than for animals, have evolved various enzymatic and nonenzymatic detoxification mechanisms to regulate ROS concentrations (Tripathy and Oelmüller 2012) . Polyamines are cationic compounds that play a critical role in the development of plants (Tiburcio et al. 2014) . Increased stress tolerance of plants was often associated with the increased polyamine contents. However, recent results also showed that the more polyamine the better is not generally valid (Pál et al. 2018 (Pál et al. , 2019 . Directly or indirectly, partly via the polyamine cycle, they also take part in the stresssignalling pathways (Pál et al. 2015) , scavenging of ROS (Mostofa et al. 2014 ) and, among others, stabilization of the photosynthetic apparatus (Hu et al. 2014) . ROS regulatory systems and other signalling mechanisms need to be strictly coordinated in plants depending on the different growth stages and tissues for the appropriate responses to heat stress (Suzuki and Katano 2018) . Using mutants deficient in different signals has demonstrated the significance of various pathways such as ROS regulatory systems and hormone signalling including processes related to abscisic acid (ABA), or salicylic acid (SA), in the heat responses of Arabidopsis plants (Larkindale et al. 2005) . Although the responses of plants to elevated temperatures have been widely studied, the mechanisms of heat acclimation processes especially in monocot cereal species are much less understood.
We have recently demonstrated that growing at 30°C may provide protection against a subsequent heat stress in young wheat plants (Végh et al. 2018) . The aim of the present study was to better understand the heat acclimation processes in other cereal species, barley and oat. First, we demonstrated that -similarly to young wheat plantsgrowing at 30°C also has an acclamatory effect in these species. Then, we investigated the possible involvement of various stress-related mechanisms, such as antioxidant activities, polyamine metabolism, and the changes in certain plant growth regulators in control and heatacclimated plants.
Materials and methods
Plant materials and growth conditions: Two barley (Hordeum vulgare L.) cvs. 'Conchita' (spring variant) and 'Mv Initium' (winter type) and two oat (Avena sativa L.) cvs. 'Mv Pehely' (spring type) and 'Mv Hópehely' (winter type) were used in the experiments. These varieties were grown in pots filled with 3:1 (v:v) mixture of loamy soil and sand in a Conviron PGV-15 growth chamber (Controlled Environments Ltd., Winnipeg, Canada) at 22/20°C day/night temperature with 16/8-h photoperiod at PPFD of 250 µmol m -2 s -1 at the canopy level, at 75% relative humidity. After 10 d, a part of the plants was exposed to elevated temperatures at 30/27°C day/night temperature, while others were grown at 22/20°C (controls) for 14 d. Samples were taken and measurements were carried out at the end of the heat-treatment period.
Estimation of chlorophyll (Chl) content and Chl a fluorescence induction measurements:
Chl contents were estimated in the 3 rd fully developed leaves using a SPAD-502 chlorophyll meter (Konica-Minolta, Osaka, Japan). Chl a fluorescence was measured with a pulse amplitude modulated fluorometer (Imaging-PAM M-series, Walz, Effeltrich, Germany). Detached leaves were darkadapted for 20 min after which the Fv/Fm parameter was determined using a 1.0-s saturated pulse (PPFD = 3,000 µmol m -2 s -1 ) provided by a LED-array illumination unit IMAG-MAX/L (450 nm). The heat-induced changes of Chl fluorescence parameters were determined at increasing temperature from 25 and to 55°C. The measurement was started at 25°C and when the photosynthesis was steady [after 15 min at 50 µmol(photon) m -2 s -1 of actinic light on], it was followed by heating the leaves from 25 to 55°C at a rate of 1.5°C min -1 . During the measurements saturated flashes were applied at each °C. The quenching parameters were determined according to the nomenclature described by Klughammer and Schreiber (2008) .
Measurements of antioxidant enzymes:
For the analysis of antioxidant enzyme activity, 0.5 g leaf tissue was homogenized in 2.5 ml of ice-cold Tris buffer (0.5 M, pH 7.5) containing 3 mM MgCl2 and 1 mM EDTA. The ascorbate peroxidase (APX; EC 1.11.1.11.) activity was determined in the presence of 0.2 M Tris buffer (pH 7.8) and 5.625 mM ascorbic acid. The reaction was started with 0.042% H2O2 (Janda et al. 1999) . The decrease in absorbance at 290 nm was monitored. The catalase (EC 1.11.1.6.) activity of the extract was measured spectrophotometrically by monitoring the decrease in absorbance at 240 nm according to Janda et al. (1999) . The guaiacol peroxidase (G-POD; EC 1.11.1.7.) activity was measured at 470 nm as described by Ádám et al. (1995) . The reaction mixture consisted of 88 mM Na-acetate buffer (pH 5.5), 0.88 mM guaiacol, 0.0375% H2O2, and enzyme extract. The glutathione reductase (GR; EC 1.6.4.2.) activity was determined at 412 nm according to Smith et al. (1988) . The reaction mixture contained 75 mM Na-phosphate buffer (pH 7.5), 0.15 mM diethylenetriaminepentaacetic acid, 0.75 mM 5,5'-dithiobis(2-nitrobenzoic acid), 0.1 mM NADPH, 0.5 mM oxidized glutathione, and 50 µl of plant extract in a total volume of 1 ml. The glutathione-S-transferase (GST; EC 2.5.1.18.) activity was measured by following changes in the absorbance at 340 nm in a mixture containing 72.7 mM Na-phosphate buffer (pH 6.5), 3.6 mM reduced glutathione, 1 mM 1-chloro-2,4-dinitrobenzene, and enzyme extract (Mannervik and Guthenberg 1981) . The enzyme activities were determined photometrically with a UV-visible recording spectrophotometer (UV-VIS 160A, Shimadzu Corp., Kyoto, Japan), and expressed in nkatal g -1 (fresh mass, FM).
Polyamine and 1,3-diaminopropane analyses:
The analyses of polyamines were carried out as described earlier (Németh et al. 2002) with slight modifications. Leaves of 200 mg were homogenized with 1 ml of 0.2 M ice-cold perchloric acid and then left for 20 min on ice. The extract was centrifuged at 10,000 × g for 20 min and the supernatant was used. Putrescine (PUT), spermidine (SPD), and spermine (SPM), together with the catabolite of the latter two ones, 1,3-diaminopropane (DAP), were analysed as dansylated derivatives via HPLC using a W2690 separation module and a W474 scanning fluorescence detector with excitation at 340 nm and emission at 515 nm (Waters, Milford, MA, USA).
Measurements of plant hormones:
Analyses of plant hormones were carried out with UHPLC-UniSpray-MS/MS measurements described in detail by Pál et al. (2019) . Briefly, five parallel samples of frozen homogeneous plant material (200 mg of FM each) were spiked with 2 ng [ 2 H6](+)-cis,trans-abscisic acid (OlChemIm, Olomouc, Czech Republic) serving as an internal standard. Afterwards, the samples were extracted two times subsequently with methanol:water (2:1, v/v) solution, filtered and submitted for analysis at a final sample concentration of 100 mg(FM extract) ml -1 . Separation was achieved with an Acquity I class UPLC system (Waters, Milford, MA, USA) on an Acquity HSS T3 column (1.8 μm, 100 mm × 2.1 mm; Waters), kept at 40°C. Mass spectrometry detection was performed on a Xevo TQ-XS MS/MS system (Waters) equipped with a UniSpray ion source. Where it was applicable, at least three MRM transitions were used for data acquisition and quantitation was carried out on the transition exhibiting the highest signal-to-noise ratio ( Table 1S , supplement).
Statistical analysis:
Usually five parallel samples were collected for each measurement. Significant differences between the treatments and the genotypes were probed using the t-test method.
Results
Photosynthetic processes: The effects of elevated temperature (30°C) were characterized by monitoring the Chl contents in the leaves using the SPAD method and by determination of the Fv/Fm Chl a fluorescence induction parameter representing the maximum quantum efficiency of PSII. Fig. 1 shows that growing at 30°C for a week only slightly reduced the Chl content in all the barley and oat genotypes tested in the present experiment. Furthermore, the Fv/Fm parameter showed only a slight, but statistically significant decrease in the spring barley cv. 'Conchita'. These results indicate that the applied heat treatment only caused a mild stress in the plants.
Temperature dependence of the Chl a fluorescence induction parameters represents the thermostability of the PSII and can demonstrate the heat acclimation capacity of plants. As it is shown in Fig. 2A , the quantum yield of PSII (Y(II)) progressively decreased above ca. 40°C (values between 25-40°C are presented in Table 2S , supplement). The decrease started approximately at the same temperature in all genotypes grown at 22°C, while the decline of Y(II) began at higher temperatures in plants, which were growing at 30°C, than in those grown at 22°C ( Fig. 2A) .
These results indicate an increase in the thermostability of the PSII during the heat acclimation. The shift was slightly higher in oat cv. 'Mv Pehely' and in barley cv. 'Conchita' than that in 'Mv Hópehely' or 'Mv Initium', indicating that the heat acclimation may depend on the type of varieties, namely on spring or winter genotypes, but not on the species. Similar to Y(II), the temperature dependence of Y(NPQ), representing the regulated heat dissipation of excess excitation energy, was similar in the control plants, but it shifted to higher temperatures in the heat-treated plants (Fig. 2B ). The differences between the spring and winter varieties could also be observed in this parameter (Fig. 2B ). Unlike Y(II) or Y(NPQ), the differences between the winter and spring genotypes could not be observed in the temperature response of Y(NO), representing the component of nonphotochemical quenching relating to the nonregulated heat dissipation (Fig. 2C ).
Antioxidant enzyme activities:
Growing at elevated temperature -depending on the species and the varietiesmodified the activities of certain antioxidant enzymes ( Fig. 3) . GR slightly increased in spring barley 'Conchita', but did not change in winter barley 'Mv Initium' and decreased in both oat varieties 'Mv Hópehely' and 'Mv Pehely' (Fig 3A) . APX did not change significantly in barley genotypes, but it increased in 'Mv Hópehely' winter and decreased in 'Mv Pehely' spring oat plants (Fig. 3B) . Catalase did not change in barley, but it decreased in both oat varieties. G-POD decreased in both barley genotypes and slightly in 'Mv Hópehely' winter oat (Fig. 3D) . In contrast to these antioxidant enzymes, the activity of another protective enzyme, GST was significantly higher in the heat-treated plants than that in the controls in all the genotypes tested; and its activity was substantially higher in the oat varieties than that in the barley plants (Fig. 4) .
Polyamines:
In order to reveal the heat acclimation processes, the changes in the contents of polyamines in the free fraction were also measured after the heat acclimation period. Beside the major polyamines, putrescine (PUT), spermidine (SPD), and spermine (SPM), the amount of the catabolic product of the latter two, 1,3-diaminopropane (DAP), and the content of another diamine, cadaverinesynthesised in a different route unlike PUT -were also determined (Figs. 5, 6) . The most pronounced differences in the polyamines contents were found between the species (oat or barley), rather than between the spring and winter cultivars within the same species. Thus, in oat grown at 22°C, high contents of PUT, while low contents of SPD, SPM ( Fig. 5A-C) , and cadaverine (Fig. 6) were observed. In contrast to this, barley plants showed high amount of SPD, SPM, and cadaverine, while the amount of PUT was low. According to these differences in SPD and SPM observed between the two plant species, the concentration of DAP showed the opposite pattern ( Fig. 5D) , as the basal level of it was higher in oat, where lower SPD and SPM contents were detected under control conditions. Heat acclimation substantially affected the polyamine concentrations in all the genotypes. Interestingly, it induced a significant decrease in almost all cases, except in cadaverine, where a significant increase was found in the case of 'Conchita' (Fig. 6 ). In addition, DAP contents showed appropriate changes to the decrease in the concentration of higher polyamines (SPD and SPM) after heat acclimation. In barley varieties, where pronounced decrease of SPD and SPM was found, the DAP content increased remarkably in both genotypes (Fig. 5D ). 
Hormones:
In order to better understand the regulatory mechanisms in barley and oat during the heat acclimation period, the contents of certain plant growth regulators (SA, auxin, and ABA) and some of their related compounds (para-hydroxybenzoic acid, phaseic acid, and dihydrophaseic acid) were also determined. In general, hormone contents varied significantly between the species. Except for SA, all measured hormone contents were higher in barley than that in oat plants under control conditions. Heat treatment significantly increased the free SA concentration in the winter barley 'Mv Initium' and in the oat varieties, but the SA content decreased in the spring barley 'Conchita' (Fig. 7A) . While the SA contents were generally lower in the barley varieties than that in the oats, the para-hydroxybenzoic acid content was substantially higher in the barley than that in the oat genotypes. Its concentration was also significantly higher in plants grown at 30°C than that in the controls, especially in the barley varieties (Fig. 7B) . The concentration of the other plant hormone auxin (IAA), increased only in oat genotypes, where the control values were slightly lower than that in the barley plants (Fig. 7C) . The ABA content was the highest in the winter barley 'Mv Initium' and it slightly decreased after heat treatment at 30°C. In contrast to this, ABA content was substantially higher in the heat-treated oat genotypes than that in the controls, where the control values were relatively low (Fig. 7D) . Phaseic acid is an oxidation product of ABA, while dihydrophaseic acid is created by subsequent conversion of phaseic acid catalysed by a soluble phaseic acid reductase. Both the concentrations of phaseic and dihydrophaseic acid were substantially higher in the barley than that in the oat varieties. Growing at 30°C only reduced their content in barley, while in the oat genotypes the effect of heat treatment was not substantial (Fig. 7E,F ).
Discussion
The photosynthetic apparatus including both the CO2 assimilation and the photosynthetic electron transport processes are among the primary targets of thermal damage in plants (Allakhverdiev et al. 2008 ). However, mild stress often stimulates the protective mechanisms enabling the plants to acclimate to the new environment and eliminate the adverse effect of stress. The mild environmental conditions have been shown having acclimatory effects against a subsequent high temperature stress as presented in wheat plants. However, differences between the winter wheat genotypes in temperature dependence of the fluorescence induction parameters could not be detected (Végh et al. 2018) . In the present experiment, the SPAD and Fv/Fm values indicated that growing at 30°C only caused a mild stress in barley and oat plants. The temperature dependent changes of Y(II) and Y(NPQ) represent the thermostability of PSII. Temperature dependence of fluorescence induction parameters also showed that growing at 30°C induced heat acclimation of the photosynthetic electron transport system in both barley and oat plants. In agreement with the previous findings, we also found that the heat-induced decreases in Y(II) and increase in Y(NPQ) generally started at higher temperatures in the heat-acclimated plants than in the nonacclimated controls, demonstrating the acclimatory effects of mild heat treatment (30°C). In addition, we also observed in the present study that the slopes of the heat-induced changes in the Y(II) and Y(NPQ) fluorescence induction parameters were similar in all genotypes grown at 22°C independent of species and genotypes, but differed between the winter and spring cultivars of barley and oat in heat-acclimated plants. However, the generalisation of this observation requires further confirmation with a large number of genotypes.
Heat tolerance is a multifactorial trait, which is determined by various physiological and biochemical mechanisms (Bita and Gerats 2013) . In order to better understand the responses of barley and oat plants to a Error bars indicate SD. * , ** , *** represent statistically significant differences between C and HA values at p<0.05, 0.01, and 0.001 levels, respectively. moderate, acclimating elevated temperature, we mainly focused on certain antioxidant and hormonal processes in the present study. Induction of the activities of certain antioxidant enzymes has been characterised under various unfavourable environmental conditions, including biotic and abiotic stressors. It has also been described that antioxidant activities under control conditions substantially differ in the different cereal species (Janda et al. 2003) .
In this experiment, we also found differences between the species regardless of cultivars. It means that the differences were smaller between the winter or spring varieties than that between the species. The winter × spring type did not matter much, even if it is compared to the effects of heat treatment. Apart from some minor changes, heat acclimation did not substantially modify the activity of the investigated total antioxidant enzyme activities, such as APX, catalase or GR. The most pronounced changes occurred in the G-POD activities. The activity of this enzyme often changes under stress conditions, but for example, in spite of the higher expected oxidative pressure, higher activity was reported at low temperature in the dark than that in the light (Janda et al. 2007) . Similarly, in the present study, a lower G-POD activity was detected in some heat-acclimated oat and barley plants -where higher level of stress was assumed -than that in the controls. The explanation for this is still unknown. The induction of the GST during heat treatment was more pronounced than the other antioxidant enzymes, and it was induced in all the genotypes tested. Plant GSTs are enzymes of secondary metabolism. Their roles in catalysing the conjugation and detoxification of certain compounds, such as herbicides, are well known, but their endogenous functions are still poorly understood. Among others, they are involved in responses to oxidative stresses and heavy metal toxicity (Ding et al. 2017) , in the synthesis of sulfur-containing secondary metabolites, and the conjugation, transport, and storage of phenolics and flavonoids (Dixon et al. 2010) . Since GR, which also utilises glutathione, was not substantially induced after exposure to mild heat stress, it seems that detoxification is more important at elevated temperatures than inducing ROS-scavenging mechanisms.
Polyamines also play role in various cell functions including responses to environmental stresses. Earlier studies suggested a direct relationship between the capacity to enhance the synthesis of polyamines upon exposure to stress and the level of the tolerance (Fariduddin et al. 2013 , Minocha et al. 2014 . However, some plants accumulate polyamines, others have constant or even lower endogenous polyamine content when exposed to stress. Recent studies support the view that the more polyamine the better theory cannot be generalised (Pál et al. 2017) . Under the present experimental conditions, heat treatment significantly reduced the contents of the major polyamines. Although, the degradation product of higher polyamines, DAP also decreased in oat, while it substantially increased in barley plants. The cadaverine content, which is synthesised in a different route, tended to increase in spring barley, 'Conchita', after the heat acclimation period. The most pronounced differences were found depending on the plant species (oat or barley), and not on the growth type (spring or winter cultivars). Similar results were reported in case of the investigation of changes in polyamine content during cold hardening in eight crop genotypes (wheat, barley, and oat), where after cold treatment the polyamine pool pattern was regardless of the growth type (Gondor et al. 2016) . The polyamine pool is dynamic, and polyamines also undergo rapid interconversion in the polyamine cycle (Pál et al. 2015) . In addition, the content of the individual polyamines may change differently under the same conditions. Investigation on different wheat genotypes revealed that in most cases the PUT content decreased, the SPD increased, while the amount of SPM increased or did not change after heat treatment (Goyal and Asthir 2010) . Severe stress conditions may also induce different alteration in the polyamine content compared to a mild stress. In rice, a mild osmotic stress did not influence the PUT content, but severe cold treatment induced high accumulation (Pál et al. 2014) . The same osmotic treatment in wheat caused only mild stress and increased PUT, but decreased SPD and SPM content, while in maize resulted in severe stress without influencing the polyamine content .
These results suggest that accumulation of the main polyamines does not play a direct role during the heat acclimation in barley and oat plants. However, their signalling effects cannot be excluded, and production of DAP at least in barley plants might also be important via inducing other stress-related protective mechanisms. The involvement of cadaverine is also possible in barley. This polyamine has originally been identified as a lysine decomposition product; but later, its role in plant growth and development, cell signalling, and stress responses had also been reported (Gill and Tuteja 2010, Jancewicz et al. 2016) . However, its role in stress responses is controversial and especially in the case of heat acclimation is still hardly documented and poorly understood (Jancewicz et al. 2016) .
The interaction between polyamine metabolism and SA signalling has been described , Fariduddin et al. 2018 . The role of SA under abiotic stress conditions (Khan et al. 2015) and its connection with the photosynthetic processes have also been widely studied (Janda et al. 2014) . Exogenous SA may alleviate the damaging effects of abiotic stressors, including, among others, high temperatures (Dat et al. 1998 , Larkindale and Knight 2002 , Khan et al. 2013 . It may also modulate the antioxidant defence system indirectly protecting the photosynthetic machinery. SA may induce genes encoding chaperones, heat shock proteins, or secondary metabolites, and it is also involved in mitogen-activated protein kinase pathway (Chai et al. 2014 , Khan et al. 2015 . In the present experiment, SA was also induced at elevated temperatures, except in the case of spring barley 'Conchita'. However, the induction of the activities of the antioxidant enzymes was moderate, or in some cases, for example G-POD, it was reduced. Para-hydroxy benzoic acid is one of the major phenolic acids found in many medicinal plants and may serve as antimicrobial agent (Farhan et al. 2017) . Similarly to SA, its content was also significantly higher after exposure to heat than that in the controls. Its specific role in the heat acclimation processes is still unknown; however, present results suggest that not only the direct SA-related biosynthetic routs are activated during the heat treatment.
SA may also activate auxin synthesis, and it also affects the auxin transport (Pasternak et al. 2019) . Therefore the content of IAA was also determined in the leaves. Its control value was similar in both species, and elevated temperature caused an increase only in the oat genotypes, but not in 'Mv Initium', where an increase in the SA content was also detected. So this increase cannot be directly explained by the SA effect. The changes in the other plant hormone, ABA, differed in the two species. While this heat treatment did not change ('Conchita') or reduced ('Mv Initium') the ABA content in barley plants, a substantial increase was observed in the oat varieties. At elevated temperatures, plants may tend to cool their tissues by reducing the ABA content, which is a regulator of stomatal closing. This may explain the reduced ABA content in the leaves during the heat treatment (Dobrá et al. 2015) . On the other side, ABA regulates various protective mechanisms, which may contribute to the lower level of heat injury, including mediating the antioxidant capacity, the synthesis of heat shock proteins, or regulating the sugar metabolism signalling (Islam et al. 2018) . ABA is also involved in carotenoid biosynthesis (Haisel et al. 2006 ). It seems, that different genotypes may use the ABArelated processes in different ways. However, the exact role of ABA in the heat acclimation processes and its relationship with other signalling routes still need further research.
Conclusions: Temperature dependence of certain chlorophyll fluorescence induction parameters indicated that growing of winter and spring barley and oat genotypes at 30°C increased the heat tolerance of these plants. Using this technique, differences between the spring and winter varieties could also be observed. However, its general confirmation requires further research using higher number of varieties. Results on various stress-related parameters suggested that besides certain similarities in the responses to elevated temperatures, different strategies may operate to avoid the damaging effects of high temperatures in barley and oat plants. It will be necessary to investigate the development of the stressor-acclimating effects of heat treatment as a function of time and other environmental factors (e.g., light). The acclimation of the individual organs and the whole plant may be different, so detailed studies on the role of the root and crown is also required. Responses may also differ at different phenological stages.
